creas contained multiple green to black nodular foci. Tissue samples submitted in 10% neutral buffered formalin included adrenal gland, pancreas, skeletal muscle, lung, and liver. The samples were trimmed, paraffin embedded, sectioned at 6 pm, and stained with hematoxylin and eosin.
Bluetongue virus (BTV) is the etiologic agent of bluetongue, an insect-transmitted viral disease of domestic and wild ruminants. '3. 15 Cattle are considered the reservoir host of BTV because infection of cattle is common and typically is asymptomatic. Viremia may persist for up to 3 months in infected cattle.1.8 The mechanism responsible for prolonged viremia in BTV-infected cattle is uncertain. Viremia persists in infected cattle despite a prompt humoral immune response Vet Pathol 29(4), 1992 from the host; thus, virus and its specific antibody may cocirculate in peripheral blood for periods of weeks or even months after infe~ti0n.I~ Antigenic drift does not facilitate the prolonged viremia; highly plaque-purified BTV is genetically and antigenically stable throughout infection.5 Viremia in BTV-infected cattle is strongly cell associated, and late in the course of infection, virus is principally associated with erythrocytes.' Association of BTV with erythrocytes may prevent prompt viral clearance and thus may facilitate the prolonged viremia.'-' The only known interaction of BTV and erythrocytes is that the virus possesses a hemagglutinin, which apparently binds to a glycophorin receptor on erythrocytes.* The purpose of this study was to investigate the interaction of BTV with bovine erythrocytes in vitro.
Plaque-purified BTV serotype 10 was sonicated and centrifuged to remove particulate debris prior to inoculation of suspended erythrocyte^.^ Erythrocytes were obtained from a 9-month-old colostrum-deprived Holstein bull calf that was raised in insect-secure isolation facilities. Blood was collected from the calf in Vacutainer tubes (Becton-Dickinson, Rutherford, NJ) containing acid citrate-dextrose solution and centrifuged at 400 x g, and the bufi coat was removed. Erythrocytes were diluted and washed in Spinner's minimal essential medium and resuspended at a concentration of 3.2 x 106 erythrocytes/ml. Washed preparations of erythrocytes were inoculated with BTV at a multiplicity of infection of approximately 1 and incubated for 1, 12, 24, or 48 hours. The cells then were harvested, washed three times in medium, resuspended in 100 mM phosphate buffer containing 1% glutaraldehyde (pH 7.2), and fixed overnight in this buffer. Erythrocytes also were stained for structural BTV protein VP7 at 24 hours after inoculation using an immunogold labeling procedure. Cells for immunogold labeling were fixed in phosphate buffer containing 0.5% glutaraldehyde and 2% paraformaldehyde, washed three times in phosphate-buffered saline (pH 7.2), then resuspended in the same buffer containing 100 mM NH,Cl for 1 hour to quench unreacted aldehydes. The cells then were preincubated with normal rabbit serum prior to addition of monoclonal antibody to BTV protein VP7. 16 After incubation with the monoclonal antibody for 1 hour, the cells were washed and resuspended in phbsphate-buffered saline containing 5-nm gold-conjugated goat anti-mouse IgG (Ted Pella, Redding, CA). Controls included uninoculated erythrocytes reacted with the BTV-specific monoclonal antibody and inoculated erythrocytes reacted with nonsense monoclonal antibodies. The erythrocytes then were washed, resuspended in 100 mM phosphate buffer with 1% glutaraldehyde, fixed in 1% osmium tetroxide, and embedded in Epon-araldite. Ultrathin sections were cut onto 200 mesh copper grids and stained with lead citrate and uranyl acetate. Sections were examined with a Zeiss 10 transmission electron microscope.
Individual BTV particles or clusters were commonly found in close association with erythrocyte cell membranes in inoculated preparations (Fig. 1) . The viral particles measured approximately 55-70 nm in diameter, and at least some of those associated with cell membranes resembled viral cores (which lack an outer capsid). Their identity as BTV particles was confirmed by immunogold labeling (Fig. 1, inset) . Viral particles typically were present in indentations of the eryth-rocyte membrane, and some were almost completely enclosed within deep membrane-lined pits that communicated to the exterior by a narrow opening (Fig. 2) . Only viral particles on the surface of erythrocytes were labeled by immunogold staining, and particles within membrane-bound invaginations consistently were not labeled. Virus was found associated only with the red cell membrane and never free in the cytosol, although apparent cross sections of invaginations sometimes gave the appearance of membrane-bound inclusions within erythrocytic stroma (Fig. 3) . No differences were observed in the morphologic appearance of BTV or the cellular inclusions in samples taken at 1, 12, 24, or 48 hours after infection of erythrocytes.
Little is known regarding the interaction of BTV and erythrocytes, although a recent study demonstrated viral particles within cytoskeletal digests of erythrocytes from BTV-infected sheep." Results ofthe present study clearly indicate that BTV becomes intimately associated with the erythrocytic cell membrane soon after in vitro infection of bovine erythrocytes and that viral particles or clusters rapidly become sequestered in invaginations of the cell membrane. Similar invaginations occur in the cell membrane of nucleated cells infected with BTV, but after initial endocytosis, these invaginations detach to form coated vesicles and, subsequently, endosomes, from which the virus enters the cytoplasm and rapidly begins repli~ation.~ In contrast, BTV infection of erythrocytes did not progress beyond the cell membrane invagination, at least for the 48-hour course of this study. This conclusion was based on the lack of free virions in the cytosol and the lack of evidence of viral replication in erythrocytes. The absence of immunogold staining of viral particles in membrane-bound invaginations suggests that antibodies do not readily penetrate these structures. Rupture of erythrocytes likely would be required to release BTV from these invaginations, which is consistent with the fact that isolation of BTV from the blood of viremic ruminants requires initial lysis of erythrocytes.9 Similarly, lysis of infected erythrocytes after their ingestion by blood-sucking vector gnats would release virus and so infect the gnat, which in turn would transmit the virus to susceptible ruminants and so complete the natural cycle of infection.
The results of these in vitro studies provide additional support for the hypothesis that association of BTV with erythrocytes is responsible for the prolonged viremia that typically occurs in infected ~a t t l e .~.~ Specifically, BTV replicates in the lymphoid tissues of infected cattle, and virus then is released into the blood stream. Adherence of BTV to erythrocytes would occur in circulation at this time. If BTV were to associate with erythrocytes in the same manner as observed in this in vitro study, perhaps in the form of infectious viral cores, the virus would be protected from the host's immune response so that BTV could circulate in the presence of specific serum neutralizing antibodies for a time period equivalent to the circulating half-life of infected erythrocytes. This hypothesis is supported by two facts: the lifespan of the bovine erythrocyte ranges from 48 days in calves to as long as 160 days in adults,6 and viremia in BTV-infected cattle may last as long as 3 months.* Erythrocyte-associated viremia has been described with a number of orbiviruses other than BTV, including Colorado
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Vet Pathol 29(4), 1992 Fig. 1 . Transmission electron micrograph. Bluetongue virus-inoculated bovine erythrocytes. Two BTV particles adherent to the cell membrane of an erythrocyte at 1 hour after infection. Bar = 50 nm. Inset: Immunogold staining of BTV particle with monoclonal antibody to structural BTV protein VP7. Bar = 50 nm. Fig. 2 . Transmission electron micrograph. BTV-inoculated bovine erythrocytes. Note BTV particle contained within an invagination of the erythrocyte membrane at 1 hour after infection. Bar = 25 nm. Brief Communicatioi uted to infection of bone marrow stem cells. 4 In contrast, previous studies suggest that infection of stem cells in bone marrow is not responsible for infection of erythrocytes in BTV-infected ~a t t l e .~ The present study demonstrated a mechanism whereby erythrocytes can become camers of BTV without undergoing any productive infection.
